Two major cellular events result in the appearance of the normal RNA base, uracil, in double-stranded (ds) DNA. One event involves the direct misincorporation of uracil instead of thymine during replication, and produces an A-U base pair; the other is the spontaneous deamination of cytosine within DNA, to yield a G-U mismatch. As both of these DNA lesions are highly mutagenic and are ultimately lethal to the cell [1, 2] , all organisms, including humans, possess a uracil-DNA glycosylase (UDG). This enzyme discriminates the uracil from normal pyrimidines in the DNA and initiates the base excision repair process by incision of the N-glycosyl bond between the sugar and the uracil base [3] . In a second connected response, uracil incorporation into the DNA is severely restricted by the enzyme dUTP pyrophosphatase (dUTPase), which hydrolyzes dUTP (the potential substrate for DNA polymerase during replication) to dUMP and pyrophosphate [3] .
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The crystal structures of both free dUTPase and dUTPase complexed with substrate analogues [4, 5] have revealed the cause of its high deoxyuridine specificity, and have raised implications for the general evolution of protein-nucleotide recognition. In a major step forward, the most recently solved structure of the human UDG (hUDG) complexed with DNA [6] not only provides deep insight into the substrate specificity of the enzyme, but also begins a new page in the intriguing story of how DNA repair works. This minireview will focus on three major points: the specific recognition of deoxyuridine by the enzymes; the unique structural features of the hUDG-DNA complex; and the general mechanisms of base flipping out of the DNA duplex.
Specific recognition of deoxyuridine
Although dUTPases from different species are known to act as monomers, dimers, and trimers [4] , the crystal structures of the Escherichia coli and human enzymes both reveal trimeric molecules [4, 5] with very similar three-dimensional folds (Fig. 1) , active-site cavities, and uracil-binding motifs. The trimeric molecules have three identical activesite pockets and amino acids donated from all three subunits constitute each active site. Recognition of the uracil is made via a novel ␤ hairpin nucleotide-binding motif. In complex with the human enzyme, uracil forms hydrogen bonds with only the mainchain atoms and the conserved water molecule (Fig. 2a) ; in the E. coli dUTPase, an additional asparagine sidechain contributes to uracil recognition [4] . This hydrogen-bond network involves the protein atoms that tightly interact with only uracil (or thymine), and it allows the dUTPase to discriminate between uracil and cytosine. Binding of dTTP is prevented by the collision of its bulky methyl group with the surrounding protein atoms in the active-site cleft. If the deoxyribose of the substrate is replaced with ribose, then steric hindrance would also occur with the sidechain of tyrosine located at the corner of the ␤ hairpin (Fig. 2a) . In addition to contributing to the full understanding of the dUTP specificity, the structures of the dUTPase complexes showed that very short polypeptides can specifically bind nucleotides by mimicking Watson-Crick DNA base pairing. Thus, the ␤ hairpin in dUTPases seems to be an ancient nucleotide-binding motif that originated at the very beginning of evolution [5] .
Although the architecture of the uracil base binding site observed in UDG is more complicated and distinct from that of dUTPase [6] [7] [8] , the specific recognition of uracil occurs in a rather similar manner. UDG uses the sidechain of an asparagine residue and a mainchain amide to distinguish uracil from cytosine, while a tyrosine aromatic ring precludes the entrance of thymine into the binding cleft (Fig. 2b) . Structural evidence for the uracil specificity of UDG has been confirmed recently by the creation of hUDG Asn204→Asp and Tyr147→Ala (Cys, Ser) single mutants, which possess cytosine-and thymine-DNA glycosylase activities, respectively [9] . Upon the formation of the hUDG-DNA complex, His268 moves toward the active site [6] and approaches the C2′ atom of the deoxyribose ring of the trapped uracil (Fig. 2b) . This movement would probably set up the steric barrier for potential RNA substrates.
Thus, uracil binding enzymes share a similar mode of uracil recognition. The asparagine residue and/or the mainchain protein atoms are arranged in such a manner as to produce the chemical complement to uracil, so that it can be distinguished from the structurally identical cytosine. It is worth mentioning that thymidylate synthase [10] also uses asparagine for the same discrimination. On the other hand, the shape of the binding cavity, with its high specificity to uracil, prevents the binding of structurally distinct compounds like dTTP and UTP.
Removal of uracil from DNA
The atomic structure of the hUDG Leu272→Arg/Asp145→ Asn double mutant co-crystallized with a ten-mer dsDNA revealed that dsDNA is bound to the enzyme (Fig. 3a) , that the uracil base is excised from the DNA, and that the remaining abasic site is completely flipped out of the DNA helix and faces the active site of UDG [6] . Thus, we may presume that the resulting hUDG-product structure closely mimics the protein-DNA conformation and the interactions in the actual enzyme-substrate complex.
The hUDG structure does not undergo substantial changes when it forms a complex with the DNA, except for the movement of a loop containing the Arg272 residue. This movement allows the Arg272 sidechain to be inserted into the DNA, which pushes the uracil base and causes it to 'flip out'. On insertion of the sidechain, the DNA does not exhibit substantial deformations of its double helix, except for the extrahelical uracil. In fact, the DNA region on the 3′-side of the uracil corresponds well to B-form DNA. In contrast, three base pairs on the 5′-side of the uracil are essentially disrupted (Fig. 3b) , probably due to strand separation rather than DNA unwinding as each strand superimposes well onto a single B-form DNA strand. The local melting of the dsDNA by UDG was first proposed from the dependence of the UDG activity upon the DNA sequence flanking the uracil base [11, 12] . The preference of UDG for a guanine, rather than an adenine complementary to uracil, was also emphasized. The latter finding could be easily explained by the fact that the carbonyl oxygen of Arg272 forms a strong hydrogen bond with the N2 atom of the guanine paired with the uracil in the complex. This bond may weaken the U-G (but not the U-A) base pair, and thus accelerate the trapping of uracil into the binding pocket. It seems that the protein should make multiple polar interactions with both DNA strands in order to promote the strand separation observed on the 5′-side of the uracil in the hUDG-DNA structure. Nevertheless, there is only one direct hydrogen bond, formed between an unconserved tyrosine residue and the uracil-free DNA strand 2 (Fig. 4) , which seems to be too weak to initiate the rupture of the Watson-Crick base pairs. We presume that additional water molecule-mediated hydrogen bonds may exist between the protein residues and the DNA bases (Fig. 4) , which could not be directly visualized due to either the resolution (2.9 Å) or the partial dissociation of the protein-product complex in the reported structure. The actual local melting of DNA may take place in a concerted manner, with the insertion of the loop containing Leu272 (Arg272 in the mutant) into the DNA and the hydrogen bonding of the enzyme with both DNA strands. The resulting strand separation in the dsDNA would allow UDG to mimic the interactions with single-stranded (ss) DNA; this should enhance the affinity of the enzyme for the target within the dsDNA. This interpretation agrees with the finding that UDG excises the uracil more rapidly from ssDNA than from dsDNA [12] . The hypothesis for the local DNA melting by UDG, based on the hUDG-DNA complex structure, is attractive as it explains the nucleotide sequence specificity of the enzyme [11, 12] . However, the overhanging nucleotide at the 5′ end of DNA strand 1 (Fig. 4) is tightly bound to the symmetrical hUDG molecule in the crystal structure. Thus, it cannot be definitely ruled out that the melted DNA conformation is not an artifact of the crystal packing.
Base flipping: news and views
The observation of the extrahelical uracil in the hUDG-DNA complex is not surprising, as it was predicted in previous reports of the crystal structures of UDG complexed with a uracil inhibitor [7, 8] . Moreover, we now believe that many DNA repair and base processing enzymes bind their target bases in an extrahelical mode. The more interesting question we may address is: what mechanism allows enzymes to achieve the flipping out of the DNA base? To answer this question, we need to know which local deformations of the protein and the DNA accompany the flipping out process. The structure of the hUDG-DNA complex demonstrated two major features. Firstly, the movement of the Arg272 loop results in the insertion of the arginine sidechain into the DNA, thus pushing the uracil out of the DNA helix. The HhaI methyltransferase [13] is now believed to share a base flipping mechanism similar to that of UDG [14] . Secondly, UDG binding is thought to induce local DNA melting. If this is the case, the hypothesis of the local DNA melting induced by UDG can be applied to other enzymes that can recognize both ss and dsDNA substrates. One obvious candidate is DNA photolyase, which effectively resolves pyrimidine dimers formed within ss and dsDNA; this enzyme was also suggested to flip out a pyrimidine dimer [15] .
In conclusion, the atomic structures of four enzyme-DNA complexes [6, 13, 16, 17] , which share the flipping out mechanism, implicate one major common feature. In all cases, the flipping out is induced by the enzyme but does not exist beforehand in the enzyme-free DNA. On the other hand, the detailed mechanisms of flipping out appear to be substantially different for each enzyme, and could not realistically be predicted without knowing the atomic structure of the protein-DNA complex. Therefore, we will probably be surprised again and again, whenever new structures of flipping out enzymes complexed with their cognate DNA are solved. 
